Background-Sleep difficulty is a common symptom of cannabis withdrawal, but little research has objectively measured sleep or explored the effects of hypnotic medication on sleep during cannabis withdrawal.
Introduction
Cannabis (marijuana, hashish) is the most widely used illicit drug in the world (UNODC, 2007) . Cannabis dependence develops in a subset of users, typically daily or near daily users. Prevalence rates of cannabis dependence vary by region, but generally exceed the rate for dependence on any other illicit drug (AIHW, 2008; EMCDDA, 2008; SAMHSA, 2008; UNODC, 2007) . Clinical trials have demonstrated clinical efficacy for several psychosocial interventions, but, to date, there are no medications known to improve the clinical outcomes of those seeking treatment for cannabis use disorders (Benyamina et al., 2008; Nordstrom and Levin, 2007; Vandrey and Haney, 2009 ).
Cannabis dependence is associated with a drug withdrawal syndrome that appears comparable to that observed with tobacco withdrawal Vandrey et al., 2005b) , and dependent users often fail at attempts to quit or reduce use (Budney and Moore, 2002) . The cannabis withdrawal syndrome has been characterized in a number of controlled laboratory and clinical survey studies (Budney et al., 2004; Haney, 2005) . One of the hallmark symptoms of cannabis withdrawal is self-reported sleep difficulty. In clinical survey studies, sleep difficulty during attempts to quit cannabis use has been endorsed by 67-73% of adults (Budney et al., 1999; Budney et al., 2008) and 33-43% of adolescents (Crowley et al., 1998; Vandrey et al., 2005a) . In prospective laboratory studies, sleep difficulty has been consistently rated as one of the most severe symptoms of cannabis withdrawal (Budney et al., 2001; Budney et al., 2003; Vandrey et al., 2008) .
There is also growing evidence that cannabis withdrawal, and sleep difficulty in particular, may negatively impact attempts to stop cannabis use. In a recent survey of adult cannabis users in four U.S. cities, 65% of respondents indicated that sleep difficulty during abstinence contributed to relapse on at least one previous quit attempt . In two survey studies of non-treatment seekers, sleep difficulty was reported by 32-47% of cannabis users during prior periods of cannabis abstinence, of which 48-77% reported having resumed cannabis use or used sedative/hypnotic drugs, alcohol, or other substances in attempts to alleviate their sleep problems (Copersino et al., 2006; Levin et al., 2010) . These findings indicate that sleep disturbance associated with cannabis withdrawal is clinically important, and suggest that treatment of this key withdrawal symptom may facilitate efforts to discontinue cannabis use. However, it is unknown whether use of sedative/hypnotic medications would actually be effective in ameliorating sleep disturbance induced by cannabis withdrawal.
Another limitation to understanding sleep problems associated with cannabis withdrawal is that polysomnographic (PSG) characterization of sleep during cannabis withdrawal has not been sufficiently studied. Studies conducted in the 1970's indicated that chronically administered oral THC decreased REM sleep and increased Stage 3/4 (slow-wave) sleep when the drug was introduced, as well as increased sleep latency and REM sleep, and decreased Stage 3/4 sleep during THC withdrawal (for review, see Schierenbeck et al., 2008) . However, the generality of these findings is limited because the results were inconsistent across studies. During withdrawal periods, sleep continuity (sleep latency or wake after sleep onset) was significantly affected in 4 of 7 studies, REM sleep was affected in 3 of 7 studies, and Stage 3/4 sleep was affected in 3 of 7 studies. Other limitations were that sample sizes were small (2-7 participants) and oral THC rather than smoked cannabis was administered in 5 of 7 studies.
More recently, a cross-sectional study was conducted in which PSG sleep data were obtained from daily cannabis users during a period of abrupt abstinence as well as a control group of participants without a history of substance abuse (Bolla et al., 2008; Bolla et al., 2010) . The abstinent cannabis users had less total sleep time, decreased sleep efficiency, increased sleep latency, decreased REM latency, less Stage 3/4 sleep and more nighttime awakenings compared with the control group (Bolla et al., 2008) . The cannabis users also had reduced total sleep time, sleep efficiency and REM sleep, and an increase in time awake after sleep onset and periodic limb movements across 13 days of abstinence (Bolla et al., 2010) . These findings clearly indicate that, relative to healthy controls, cannabis users experience disturbed sleep during cannabis withdrawal. However, because baseline sleep data (during active cannabis use) were not obtained in the abstinent cannabis users and sleep was only assessed in the control group during one night (compared with 5 in cannabis users) it is not possible to discern whether the disordered sleep patterns observed in the cannabis users were indeed caused by the imposed period of cannabis abstinence.
The present study was conducted to extend this prior research. A within-subject crossover study design with baseline administration of smoked cannabis was used to address the methodological limitations of the aforementioned studies, and hypnotic medication was administered in an attempt to normalize sleep during withdrawal. Specific aims of the study were to 1) examine the effects of cannabis withdrawal on sleep continuity and architecture, and 2) determine whether administration of extended-release zolpidem (Ambien CR®) could attenuate withdrawal-induced sleep disturbance. Zolpidem was selected because it is widely used for the treatment of sleep disorders (e.g. insomnia), it has a good safety, side effect, and abuse liability profile among hypnotic medications, and it does not appear to have deleterious effects on sleep architecture or produce rebound insomnia when use is discontinued. Demonstration that zolpidem can suppress cannabis withdrawal-induced sleep disturbance would suggest that administration of sedative-hypnotic medications could be a useful symptom-specific intervention strategy in the treatment of cannabis use disorders.
Methods

Participants
Cannabis users were recruited through newspaper advertisements. Volunteers were included in the study if they: 1) were 18-55 years old, 2) used cannabis at least 25 days/month and provided a urine specimen positive for cannabinoids (qualitative rapid test, Medical Disposables Corp., Orlando, FL, USA), 3) had at least an 8 th grade level of education and demonstrated literacy, 4) were not taking psychoactive medication, 5) did not meet criteria for primary sleep or Axis-I psychiatric disorders (DSM-IV) other than nicotine or cannabis dependence; 6) were not seeking treatment for cannabis-related problems or using cannabis for a medical disorder, 7) had a negative urine toxicology test for drugs other than cannabis (cocaine, opioids, amphetamine, methamphetamine, PCP, benzodiazepines, barbiturates, methadone, and MDMA) and a negative breath alcohol test on the day of admission, 8) had a negative urine pregnancy test, 9) had no history of seizures, severe hepatic impairment, or conditions associated with clinically significant cognitive impairment, 10) were not taking drugs that affect drug metabolism via cytochrome P450, 11) had not used hypnotic medication in the past month or reported a history of repeated use of hypnotics to resolve sleep difficulties in the past year. Also, due to large increases in systolic and diastolic blood pressure observed during cannabis abstinence in an initial subset of study participants (Vandrey et al., In Press) , we excluded study volunteers with high (>140/90 mmHg) or unstable blood pressure midway through the study.
A telephone interview was conducted followed by a laboratory screening to determine study eligibility. The Time-Line Follow-Back (TLFB) method (Sobell and Sobell, 1992) was used to obtain the amount and frequency of substance use during the previous 90 days. The DSM Checklist (Hudziak et al., 1993) was used to diagnose current Axis I psychiatric disorders. The Marijuana Quit Questionnaire (Boyd et al., 2005) was conducted to obtain a detailed history of cannabis use and prior quit attempts. The Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989 ) was used to detect clinically relevant sleep problems. The Marijuana Withdrawal Checklist (MWC) (Budney et al., 1999) was used to assess the presence of cannabis withdrawal symptoms during prior periods of abstinence.
Written informed consent was obtained prior to study participation. The study was approved by the John Hopkins Medicine IRB and conducted in accordance with the ethical standards of the Helsinki Declaration. Twenty of 25 participants successfully completed the study. Of the 5 who did not complete the study: 3 left to pursue employment, 1 did not tolerate the PSG monitoring procedures, and 1 left due to legal obligations. Study completers had an average (SD) age of 29 (8) years, and were 85% male, 65% African American, 25% Caucasian, and 10% Asian or of mixed ethnicity. Total score on the Pittsburgh Sleep Quality Index (PSQI) at intake was 5 (3). Participants on average first used cannabis at 14 (2) years of age, had been using cannabis regularly for 14 (8) years, and currently used cannabis 4 (3) times per day. All participants met DSM-IV criteria for either cannabis abuse (N=10) or dependence (N=10). Use of drugs other than cannabis was infrequent (Table 1) . On the MWC, participant-rated sleep difficulty during the most recent 24-hour period of cannabis abstinence was "none" for 20% of participants, "mild" for 40% of participants, "moderate" for 20% of participants, and "severe" for 20% of participants. The most common route of cannabis administration was via "blunt", cannabis rolled in a hollowed out cigar.
Procedures
A within-subject crossover design was used. The study lasted for 20 days, of which 11 days required overnight inpatient housing at the Johns Hopkins Bayview Medical Center (JHBMC). On Day 1, participants received training on study procedures, smoked cannabis ad libitum after training until 21:00, and completed an overnight polysomnography (PSG) sleep assessment to acclimate participants to sleeping while connected to PSG equipment and screen for sleep apnea and periodic limb movement disorder. A cannabis-use period was conducted on Days 2 and 3, during which participants used cannabis ad libitum between 12:00 and 21:00, and were administered an oral capsule containing placebo at bedtime each night. A cannabis-abstinence period was conducted on Days 4-6. On these days participants were not permitted to use cannabis and capsules administered at bedtime contained either placebo or 12.5 mg extended-release zolpidem (Ambien CR, Sanofi-Aventis LLC). Total cannabis abstinence, rather than administration of placebo cannabis, was used in this study order to better model cannabis quit attempts as they occur naturalistically. Subjective, physiological, cognitive performance, and sleep PSG assessments were conducted each day. After completing cognitive tasks and self-report assessments on the morning of Day 7, participants were discharged from the residential facility for 8 days. The purpose of this outpatient study period was to allow participants to re-establish baseline levels of cannabis use. On the morning of Day 15, participants were re-admitted to the residential facility. Participants self-reported continued daily cannabis use on the TLFB during the outpatient phase and provided a urine specimen that was qualitatively positive for THC and negative for other drugs of abuse at the time of the second inpatient admission. For the following 5 days they repeated the 2-day cannabis-use and 3-day cannabis-abstinence periods exactly as conducted on Days 2-7. If participants received placebo medication at bedtime during the first cannabis-abstinence period, they received 12.5 mg extended-release zolpidem during the second period or vice-versa. The order in which participants received zolpidem or placebo was counterbalanced.
Use of tobacco products (cigarettes, cigars) was allowed ad-libitum during daytime hours. Participants were allowed to drink coffee or other caffeinated beverages with breakfast, but were restricted from caffeine containing food and beverages after 10:00 each day of the inpatient phases. The allowance of tobacco and limited caffeine use was implemented in order to limit any effects of tobacco or caffeine withdrawal on study outcome measures.
Drug Administration
The cannabis provided during the acclimation day and two cannabis-use periods was obtained from the National Institute on Drug Abuse (NIDA). Cannabis was prepared in cigarettes that contained approximately 0.8 grams of cannabis each and the cannabis contained approximately 3% THC by volume. Cannabis smoking occurred in a specially ventilated room. During the outpatient study phase, participants obtained cannabis by means normally used when not participating in the study.
During inpatient study periods, except on the acclimation day, participants were administered an oral (size 00) capsule each night at bedtime. During cannabis-use periods the capsules always contained placebo (capsule packed with lactose). During one cannabisabstinence period, the capsules administered contained placebo each night, and during the other cannabis-abstinence period the capsules contained one commercially purchased 12.5 mg extended-release zolpidem pill with lactose packed around it. All bedtime medication was administered double blind by a registered nurse.
Objective Sleep Assessment
Participants' sleep was monitored nightly using an Embla N-7000 digital polysomnography (PSG) data recorder (Broomfield, CO). A standard PSG montage was used: 1) five EEGs (F3-A2, F4-A1, C4-A1, C3-A2, O1-A2, O2-A1); 2) right and left electro-oculograms; 3) three EMG's (submental and anterior tibialis muscles). Respiratory function was measured via oronasal thermister, nasal air pressure transducer, pulse oximetry, and abdominal and thoracic strain gages. Respiratory sensors and tibialis EMGs were used during the acclimation night to screen for undiagnosed sleep apnea, and periodic limb movement disorder, respectively, and were removed on subsequent nights for participant comfort. A study technician monitored biometric signals throughout the night in a separate control room. A certified sleep technician followed standardized procedures of the American Academy of Sleep Medicine (Iber et al., 2007) to score the PSGs, and a physician certified in sleep medicine reviewed each scored record prior to data analysis. Technicians responsible for recording and scoring PSGs were blind to the study conditions of participants.
Outcome variables included measures of sleep continuity (initial sleep latency, time awake after sleep onset) and sleep architecture (% time spent in sleep stages 1, 2, 3/4 (slow-wave sleep) and REM). Sleep efficiency, an index of sleep continuity that incorporates initial sleep latency and time awake after sleep onset (total sleep time/time in bed) was also calculated. Sleep efficiency ratios below .85 are generally considered indicative of disordered sleep.
Participants were allowed to retire between the hours of 23:00 and 24:00 and slept ad libitum until they decided to wake for the day or 9:00, whichever came first. Oral medication was administered at lights out. PSG data collection began when the participants turned out the lights to go to sleep and stopped when they woke for the day. Participants were not permitted to sleep during daytime hours. The timing of lights out, morning awakening, and medication administration was conducted with limited structure in an attempt to approximate naturalistic sleep patterns of the study volunteers without impacting the daytime protocol requirements.
Self-Report Measures
At 10:00 each day, participants completed a sleep diary using items from the PSQI to rate how they slept the previous night, the MWC to indicate experience of cannabis withdrawal symptoms the previous day, and the Marijuana Craving Questionnaire (MCQ) (Heishman et al., 2009 ) to indicate current craving for cannabis. Participants also completed a medication side effect questionnaire derived from the medication package insert for extended-release zolpidem. Side effects experienced in the prior 24 hours were rated from 0-3 (not at all, mild, moderate, severe).
Physiological Measures
Vital signs were assessed at 10:00, 16:00 and 21:30 via automated monitor.
Cognitive Performance Measures
A cognitive performance battery was completed daily at 10:30 to assess daytime cognitive functioning. Performance tasks took approximately 75 minutes to complete and all were completed prior to cannabis use to avoid any effects of acute cannabis intoxication. Tasks included: Flicker-Fusion, a sensory perception task (Simonson and Brozek, 1952) ; Digit Symbol Substitution Test (DSST), a measure of psychomotor ability (McLeod et al., 1982 ); a divided attention task (Kleykamp et al., 2010) ; N-Back, a measure of working memory (Gevins and Cutillo, 1993) ; Word Memory, a measure of episodic memory and metamemory (Mintzer et al., 1997) ; and Tower of London (TOL), a measure of executive function and planning (Ramaekers et al., 2006; Shallice, 1982) . On Day 1 participants completed each task until competency was demonstrated and performance was stable on primary outcome variables (within 20% for at least three consecutive trials).
Data Analysis
Data collected on Day 1 were excluded from analysis because this was a training/ acclimation day. Study outcome measures were analyzed using a repeated measures regression with an AR(1) covariance structure. Factors in the analyses included cannabis use condition (ad-libitum use, abstinence), bedtime medication condition (zolpidem, placebo), and time (study day). When significant main effects or interactions were observed, Tukey's post-hoc tests were used to detect differences within factors. Data analysis was completed using SAS statistical software (Version 9.1), and α was set at 0.05 for all tests of significance.
Results
Objective Sleep Assessment
Analysis of PSG data indicated significant main effects for cannabis use condition on total sleep time (F = 23.3, p < .01), sleep efficiency (F = 14.4, p < .01), sleep latency (F = 36.7, p < .01), REM latency (F = 11.1, p < .01), %Stage 1 sleep (F = 16.6, p < .01), and %REM sleep (F = 5.5, p < .05) (see Table 2 for details). Significant cannabis use by medication interactions were observed for %Stage 2 sleep (F = 7.1, p < .05) and %REM sleep (F = 4.5, p < .05). Post-hoc tests indicated that participants had reduced total sleep time, sleep efficiency, latency to REM onset, %Stage 1 sleep, and %Stage 2 sleep, and increased sleep latency and %REM sleep during the placebo-abstinence period compared with cannabis use periods. Participants had a reduction in total sleep time and sleep efficiency, and an increase in sleep latency during the zolpidem-abstinence period compared with cannabis use periods. Participants had reduced %Stage 2 and increased %REM sleep during the placeboabstinence period compared with the zolpidem-abstinence period. No significant effects were observed for Stage 3/4 sleep or time awake after sleep onset. Figure 1 illustrates mean scores for sleep continuity and REM measures on each day of abstinence. Sleep continuity appears increasingly degrade over the three days of abstinence, while abstinence effects on REM sleep remain stable. The exception to this is that the effect of zolpidem on REM sleep appears to be delayed until the second day of abstinence.
Self-Report Measures
A main effect of cannabis use was observed for PSQI sleep latency (F = 4.5, p < .05), with participants reporting increased time to get to sleep during both abstinence periods compared with cannabis use periods. Significant interactions (cannabis use × medication) were observed for PSQI nocturnal awakenings (F = 7.5, p < .05) and PSQI subjective sleep quality (F = 4.2, p < .05). Participants reported more nocturnal awakenings and worse sleep quality during the placebo-abstinence phase compared with other study conditions.
Significant main effects of cannabis use were observed for Marijuana Withdrawal Checklist ratings of decreased appetite (F = 33.9, p < .05), dizziness (F = 4.6, p < .05), restlessness (F = 7.7, p < .05), strange/wild dreams (F = 9.6, p < .05), increased sexual arousal (F = 6.1, p < .05), and the composite Withdrawal Discomfort Score (WDS) (F = 13.6, p < .05). All of these items increased in severity during abstinence relative to cannabis use periods, indicating cannabis withdrawal effects. No differences in withdrawal severity were observed between the placebo-abstinence and zolpidem-abstinence periods.
No significant differences were observed for ratings of cannabis craving (MCQ) or medication side effects during the study.
Main effects of cannabis use and time were observed for reaction time assessments on the N-back (1, 2, and 3-back) and Tower of London, and for the number of attempted and correct DSST trials completed. Post-hoc analyses for all of these measures showed that, despite the competency training conducted on Day 1, performance improved (reduced reaction time, increased # of DSST trials) over time. This indicates that differences were due to practice effects, and the main effects of cannabis use observed simply reflect the fact that cannabis use periods always preceded cannabis abstinence periods. No significant differences were observed on other cognitive performance measure outcomes.
Physiological Measures
Analysis of blood pressure and heart rate assessments were limited to those obtained at the 10:00 am time point for consistency with other performance measures and to eliminate the effects caused by acute cannabis intoxication. A main effect of cannabis was observed for diastolic blood pressure (F = 13.2, p < .05), with increased blood pressure observed during cannabis abstinence periods compared with cannabis use periods.
Discussion
Clinical surveys and laboratory models of withdrawal indicate that sleep disturbance is common among frequent cannabis users and may directly contribute to either relapse to cannabis use or compensatory use of other drugs (Budney et al., 2004; Budney et al., 2008; Copersino et al., 2006; Haney, 2009; Peters and Hughes, 2010) . However, most studies of cannabis withdrawal have relied on self-reported sleep assessments, which do not always accurately reflect actual sleep quality and do not provide information about sleep architecture (Morgan et al., 2006) . The present study provides objective evidence that abrupt cessation of daily cannabis use can indeed result in disrupted sleep continuity and altered sleep architecture, with latency to sleep onset and REM sleep most notably affected. These findings confirm and extend previous studies indicating that abrupt marijuana cessation leads to sleep disruption, and provide the first data demonstrating that these effects can be attenuated with administration of hypnotic medication.
The decreased sleep efficiency and increased sleep latency observed during cannabis withdrawal in the present study is consistent with prior studies (Bolla et al., 2008; Schierenbeck et al., 2008) . Mean sleep efficiency scores during the cannabis withdrawal period exceeded the cutoff (0.85) generally used to indicate clinically important sleep disturbance by the third day of abstinence. Chronic decreases in sleep continuity have been associated with a variety of negative sequelae including fatigue, cognitive decline, decreased pain thresholds and spontaneous pain, increased anxiety and negative mood (Stores, 2007) . Also, %REM sleep increased and REM latency decreased during withdrawal in this study. REM sleep is increasingly believed to play a role in affect regulation and memory related processes (Stickgold and Walker, 2007; Wagner et al., 2001; Walher, 2010) . Reduced REM latency and increased %REM, due to heritable or situational factors, have been linked to depression (Cartwright and Wood, 1991) and heightened pain sensitivity (Smith et al., 2005) . Thus, it is possible that secondary effects of reduced sleep continuity (e.g. cognitive decline, anxiety, negative mood) and increased REM (depression, pain sensitivity) during cannabis withdrawal could put users at an increased risk for relapse. However, research is needed to determine whether or not these associations extend to changes in sleep induced by cannabis withdrawal.
Some differences between the findings of the present study and those reported by colleagues (2008, 2010) warrant discussion. First, in contrast to the present study, Bolla et al. found no abstinence effects on %REM sleep, reported that %REM sleep declined over time, and that cannabis abstinence was associated with less Stage 3/4 (slow-wave) sleep. These differences could be accounted for by the possibility that the cannabis users in the study by Bolla and colleagues had lower REM and Stage 3/4 sleep compared with controls at baseline. For REM sleep, an increase during abstinence, consistent with what was observed in our study, would have resulted in more similarity to the control group (no difference observed), and the gradual reduction in REM sleep observed over time may reflect a return to baseline. Stage 3/4 sleep was stable within-subjects across both studies, but relatively large inter-subject variability was observed (mean %Stage 3/4 sleep across nights ranged from 4.4% to 26.5%) in the present study. Thus, it is possible that a larger percentage of cannabis users with low Stage 3/4 sleep was enrolled in the study by Bolla et al. That said, we cannot eliminate the possibility that factors other than cannabis use impacted the data in the present study because a control group of non-cannabis users was not included.
At this point it remains unclear whether the reduced Stage 3/4 sleep observed among a subset of daily cannabis users across studies is related to chronic use of cannabis, cannabis withdrawal, or an unrelated cause. That said, Stage 3/4 sleep is integral to the restorative effects of sleep and has been shown to predict relapse among those in treatment for alcohol use disorders (Brower et al., 1998) . Thus, it will be important for future studies to further delineate the effects of cannabis use and withdrawal on Stage 3/4 sleep, and, to identify heritable or substance use risk factors that predict the effects of cannabis withdrawal on Stage 3/4 sleep.
In this study, administration of extended-release zolpidem attenuated the effects of cannabis withdrawal on sleep. No differences were observed between periods of cannabis use and the zolpidem-abstinence condition for measures of sleep architecture (% time spent in different sleep stages). Also, zolpidem administration significantly reversed abstinence induced changes in Stage 2 and REM sleep relative to the placebo-abstinence condition. While sleep efficiency was worse during the zolpidem-abstinence condition compared with cannabis use, mean sleep efficiency scores were maintained in the range of normal sleep (>.85) on all three nights. Zolpidem did not reduce sleep latency as expected. This may be because it was administered when participants turned out the lights for the night, which likely did not allow enough time for the onset of clinical effects with the medication. Thus, it is possible that zolpidem administered 20-30 minutes prior to bedtime would improve sleep continuity (reduced sleep latency and increased sleep efficiency).
Study participants self-reported significantly better sleep quality when they received active medication compared with placebo. This suggests that zolpidem may be useful for the treatment of sleep disturbance associated with cannabis withdrawal. Additional research is warranted to determine whether the level of improvement in sleep quality obtained with zolpidem during cannabis withdrawal can translate to improved clinical outcomes for those trying to quit use of cannabis. Other medications that can improve sleep continuity and/or reverse the effects of cannabis withdrawal on REM sleep should also be explored.
With the exception of the speed with which responses were made on some tasks, cognitive performance assessed each morning remained stable throughout the study. On one hand, this indicates that there was no "hangover" effect of zolpidem on cognitive performance. This is consistent with prior research (cf. Blin et al., 2006) . On the other hand, clinically significant sleep deficits have been associated with impaired cognitive abilities (cf. Altena et al., 2008; Edinger et al., 2008) . Because sleep continuity and REM measures were significantly degraded during the cannabis withdrawal period it was somewhat surprising that a corresponding decrease in cognitive performance was not observed. It is possible that the duration of abstinence was not long enough for the development of cognitive impairment associated with cumulative sleep loss, or that the tasks used were not sensitive to the type (e.g. sustained or shifting attention) or magnitude of change in cognitive ability associated with sleep loss. A recent literature review suggests that cognitive deficits among people with primary insomnia are subtle and inconsistently observed in controlled research studies not involving experimenter induced sleep deprivation (Shekleton et al., 2010) . Thus, the failure to find impairment on cognitive performance in the present study is not entirely unexpected or inconsistent with research on the cognitive consequences of poor sleep.
There are limitations of the present study that warrant discussion. The duration of abstinence studied was relatively short and there was a trend for sleep to become progressively worse over the three days of abstinence. Previous findings suggest that changes in sleep architecture persist for at least 2 weeks (Bolla et al., 2010) , and subjective ratings of sleep difficulty and strange dreams have been observed for up to 7 weeks in an outpatient study of continuous cannabis abstinence (Budney et al., 2003) . A study of longer duration is needed to determine the peak severity and time course of abstinence-induced alterations of sleep architecture in daily cannabis users. While extended-release zolpidem appears to have improved objective and subjective measures of sleep quality, this did not translate to a reduction in overall cannabis withdrawal severity or craving. That said, participant-rated withdrawal and craving scores were relatively low in this study, possibly because the duration of abstinence was short and the study was conducted in a residential setting devoid of the environmental cues associated with cannabis use that can exacerbate craving and withdrawal. Replication of these effects using ambulatory sleep collection methods will be important to validate the present findings and the inpatient model. Also, participants in the present study were not seeking treatment. Additional research is needed to prospectively assess the correlation between sleep and relapse in a clinical population, and to determine whether an improvement in sleep quality can positively impact treatment success among those with cannabis use disorders.
In summary, this study provides objective evidence of sleep disturbance during cannabis withdrawal and suggests that pharmacological, and, possibly, behavioral interventions known to reduce sleep latency and normalize REM could be useful in the treatment of cannabis use disorders. Significant sleep disruption appears to be a common feature of withdrawal across drugs of abuse, and it has been suggested that sleep disturbance is a universal risk factor for relapse among those with drug use disorders (Brower and Perron, 2010) . Additional research is recommended to 1) examine the time course of cannabis withdrawal effects on sleep continuity and architecture, 2) replicate these effects in outpatient clinical samples, 3) prospectively establish the association between sleep and relapse during a quit attempt, 4) determine whether alternative medications or doses of zolpidem can further attenuate sleep disturbance, and 5) examine the commonality and treatment implications of abstinence-induced sleep disturbance in drug use disorders more broadly. Mean sleep continuity and REM measures by day during abstinence. For parsimony, the 4 days of ad-libitum cannabis use have been averaged and are represented by triangles. Circles indicate cannabis abstinence nights in which placebo medication was administered at bedtime and squares indicate cannabis abstinence nights in which extended-release zolpidem was administered at bedtime. Table 1 Drug use characteristics of study participants. 
